Using the atomic force microscopy-(AFM-) PeakForce quantitative nanomechanical mapping (QNM) technique, we have previously shown that the adventitia of the human internal mammary artery (IMA), tested under dehydrated conditions, is altered in patients with a high degree of arterial stiffening. In this study, we explored the nanoscale elastic modulus of the tunica media of the IMA in hydrated and dehydrated conditions from the patients with low and high arterial stiffening, as assessed in vivo by carotid-femoral pulse wave velocity (PWV). In both hydrated and dehydrated conditions, the medial layer was significantly stiffer in the high PWV group. The elastic modulus of the hydrated and dehydrated tunica media was significantly correlated with PWV. In the hydrated condition, the expression activity of certain small leucine-rich repeat proteoglycans (SLRPs), which are associated with arterial stiffening, were found to be negatively correlated to the medial elastic modulus. We also compared the data with our previous work on the IMA adventitia. We found that the hydrated media and dehydrated adventitia are both suitable for reflecting the development of arterial stiffening and SLRP expression. This comprehensive study of the nanomechanical properties integrated with the proteomic analysis in the IMAs demonstrates the possibility of linking structural properties and function in small biological samples with novel AFM methods. The IMA is a suitable target for predicting arterial stiffening.
Introduction
In clinical practice, arterial stiffening is commonly assessed with pulse wave velocity (PWV). PWV measurements are made in vivo by recording the transit time of blood across two points in the vascular system, typically from the carotid to the femoral artery. PWV is considered a powerful predictor of risk of morbidity and mortality in a general population [1, 2] . However, arteries are associated with complex structural and biomechanical processes that occur as arteries stiffen with age and disease. These alterations are not captured with PWV which simply averages the properties of the vasculature across a relatively large distance. High spatial resolution techniques such as atomic force microscopy (AFM) can bridge the gap in our understanding by enabling localized biomechanical and ultrastructural measurements on isolated sections of vascular tissue.
A number of studies have utilized high spatial resolution techniques to probe arterial stiffening in vitro, e.g., [3, 4] . However, these studies are generally restricted to animal models due to obvious challenges in conducting measurements on human aortic tissues. Hence, a direct link between clinical PWV and in vitro micro-/nanomechanical properties has long remained a challenge. Recently, the internal mammary artery (IMA) has emerged as an excellent vessel for studying the pathogenesis of arterial stiffening, especially at the molecular level [5] [6] [7] [8] [9] . It is readily accessible as the repair artery during coronary artery bypass graft (CABG) operations. Although it is not involved in the carotid-femoral PWV pathway, we have recently shown using AFM that alterations in nanomechanical properties and collagen fibril morphology in the IMA adventitia are strongly correlated with high PWV [1] . Furthermore, the IMA has been used in a parallel study to identify small leucine-rich proteoglycans (SLRPs) which are associated with arterial stiffening [9] . Thus, the IMA can be used to directly measure relevant properties at the ultrastructural and molecular level in patients with high PWV, overcoming the impracticability of obtaining vascular tissue from the PWV pathway.
Although the PeakForce QNM has been recently used to probe biological samples under physiological conditions [10] [11] [12] [13] [14] , our previous study was the first to apply PeakForce QNM to vascular tissues [1] . This paper builds on that study [1] which demonstrated with PeakForce QNM AFM [15, 16] that the adventitia of the IMA is altered in patients with high PWV, in terms of both the nanoscale elastic modulus and the collagen fibril morphology. We now extend the approach and apply PeakForce QNM to the medial layer of the IMA in both dehydrated and hydrated conditions. To the best of our knowledge, this is the first study to apply the PeakForce QNM for soft tissue nanomechanical characterization in fully hydrated conditions. The paper compares the nanoscale elastic modulus of the medial layer in dehydrated and hydrated conditions, and for both conditions, the relation between this AFM data, patient metadata and proteomics data is explored. Furthermore, the dehydrated medial measurements are compared with the dehydrated adventitia measurements to determine the best approach when utilizing the IMA as an arterial stiffening target with AFM. The literature on the layer-specific biomechanical properties of the human artery is sparse, and thus this gap is addressed.
Materials and Methods

Patient Information.
The IMA is the repair artery for CABG operations. In this study, all of the IMAs were collected from 17 patients as waste materials after the CABG operation at the Centre of Individualized Medicine in Arterial Diseases (Odense University Hospital, Odense, Denmark), as part of a project approved by the Local Ethical Committee in Region Southern Denmark (S-2010044).
Before the coronary artery bypass graft, patients were assessed by carotid-femoral PWV by using the SphygmoCor system under standardized conditions as previously described in [9] . Clinical data, including age, gender, diabetes, and hypertension, were collected before the surgery. Based on the reference and normal values for carotidfemoral PWV [17] , the 17 patients were split into two groups: low PWV (8.5 ± 0.7 ms , n = 8 patients) and high PWV (13.4 ± 3.0 ms −1 , n = 9 patients). Full patient clinical parameters are presented in [1] . It should be noted that the tissue samples and patient cohorts are identical to those in our previous paper which focussed on the IMA adventitia [1] . However, the testing location (medial layer) and methodology (dehydrated and hydrated) are different.
2.2.
PeakForce QNM in Ambient Conditions. AFM testing was conducted on 5 μm cryosections with the PeakForce QNM method using a MultiMode 8 Atomic Force Microscopy (AFM) (NanoScope VIII MultiMode AFM, Bruker Nano Inc., Nano Surface Division, Santa Barbara, CA). The method has been explained in detail elsewhere [1] . All measurements were conducted with Bruker RTESPA-150 etched silicon probes. These probes have a nominal radius of 8 nm and a cantilever with a nominal spring constant of 5 Nm −1 and resonant frequency of 150 kHz. The spring constant and tip radius of the probe were calibrated before measurements. In addition, a photostress coating polymer reference sample (PS1, Vishay Precision Group, Heilbronn, Germany) with known elastic modulus was used to calibrate the mechanical measurements [1] .
For these measurements, the scan rate was fixed at 0.93 Hz, and the resolution was set at 256 pixels per line with fixed scan size (2 × 2 μm 2 ). For mechanical characterization, 65,536 measurements (256 × 256 independent force curves) were obtained for each image to yield the mean elastic modulus. All AFM raw files were processed with the Bruker NanoScope Analysis version 1.5. To identify the internal elastic lamellae (IEL) and external elastic lamellae (EEL) for localized measurement, the optical microscopy integrated with the AFM setup was utilized ( Figure 1 ). Three random localized areas were probed in the media of each tissue section. Two sections were studied for each patient. Thus, there were six measurements of nanomechanical properties for each patient.
PeakForce QNM in Fluid Conditions.
With the same AFM system, testing in fluid conditions was possible in a fluid cell (MTFEML, Bruker). A Bruker ScanAsyst-Fluid probe with an intentionally blunt tip (nominal tip radius = 20 nm) and extremely low spring constant (nominal spring constant = 0 7 Nm −1 , resonant f requency = 150 kHz) was applied to image the delicate hydrated tissue sections in distilled water. The tip radius and spring constant of the probe were calibrated using the same procedure as used in ambient conditions [1] . Following this, a polydimethylsiloxane (PDMS) sample was used as the reference sample for modulus measurement calibration. The elastic modulus of PDMS was determined independently via nanoindentation (Nano Indenter G200 with a DCM II Head, KLATencor, Milpitas, CA, USA) utilizing a 100 μm flat punch (Synton-MDP Ltd, Nidau, Switzerland) before the calibration. The testing was conducted at 110 Hz using an oscillatory nanoindentation method [1] . The nanoindentation data yielded an average elastic modulus of 5.1 ± 0.36 MPa.
During liquid testing, sharp tips can drag across the hydrated soft tissue and cause damage to the tissue, thus causing errors in mechanical mapping. With the scan size set to 2 × 2 μm with a slow scanning rate (less than 0.501 Hz), the mechanical mapping in liquid was found to be more reliable. Hence, for comparative purposes, imaging in ambient conditions was also kept at 2 × 2 μm. The scan rate for the fluid tests was kept constant at 0.501 Hz. Further, due to the highly sensitive surface of the hydrated tissue samples, a higher scanning resolution was applied in the fluid conditions as compared with the measurements in ambient conditions. Thus, 384 samples/line were selected and 147,456 (384 × 384) independent force curves were obtained in each image to yield the mean elastic modulus. Example force-indentation curves are shown in Figure 2 for our reference samples in ambient and fluid conditions.
For each patient, two tissue sections were imaged with three random locations selected per tissue section. Thus, there were a total of six measurements per patient. However, samples from three patients (ID: 552 in low PWV, and 620 and 643 in high PWV; see Supporting Information, Table S1 in [1] ) were unintentionally damaged during the hydration process and could not be studied. Thus, in total, seven patients in the low and high PWV groups were examined in the fluid condition.
Integration of Quantitative Proteomics, Nanomechanical
Data, and Patient Metadata. Quantitative proteomics data for some of the patient cohort analyzed in this study were available from a larger cohort study published by Hansen et al. [9] . Full methodological data for these measurements can be found in their paper. The data available was for the 7 SLRP proteins that were found to be downregulated in the high PWV patients, namely, lumican, mimecan, prolargin, asporin, podocan, decorin, and biglycan [9] . To integrate the nanomechanical data acquired in this study with both proteomics data and patient metadata, a multivariate transformation called principal component analysis (PCA) was used.
2.5. Statistical Methods. Patient characteristics were presented as mean ± SD, and all the bar charts were presented as mean ± SEM. All patient measurements were averaged prior to statistical analysis. Group differences were assessed via a suitable 2-sample independent test selected after appraisal of data normality and homoscedasticity. Differences between nanomechanical properties of hydrated and dehydrated media of the low and high PWV group were tested with the Mann-Whitney U test. Kolmogorov-Smirnov (K-S) tests were applied to assess the statistical significance in distribution of nanomechanical properties of hydrated and dehydrated media between the low and high PWV groups. Spearman's correlation coefficient was used to test relationships between the measured elastic modulus of hydrated and dehydrated media and the PWV as well as with SLRPs expression activity. Proteomics data were analyzed in junction with nanomechanical variables and quantitative metadata variables (i.e., age, BMI, cholesterol, and HbA1c) of all the patients via the unsupervised data transformation PCA. All statistical analyses were tested using OriginPro version 9 (OriginLab, Northampton, MA).
Results and Discussion
In this study, the nanomechanical properties of hydrated and dehydrated media were assessed to determine the utility of this AFM for testing hydrated tissues. Assessment of the IMA medial layer in the different conditions is also compared with the adventitia data and evaluated with correlation analysis to assess the best approach for determining arterial stiffness from IMA samples. Histological assessment can be found in [1] .
3.1. Nanomechanical Properties of Dehydrated Media. In ambient conditions, patients with high PWV had a stiffer medial ultrastructure than that of the low PWV group (low PWV = 2116 2 ± 523 1 MPa; high PWV = 3163 6 ± 548 7 MPa, Mann-Whitney U test, p = 0 003) (Figure 3(a) ). The elastic modulus ranged from 1325.5 to 2770.7 MPa and 2520.3 to 4030.0 MPa in the low and high PWV groups, respectively. Modulus distribution between these two groups was also found to be significantly different (Kolmogorov-Smirnov test, p < 0 0001) (Figure 3(b) ). 3.2. Nanomechanical Properties of Hydrated Media. With the hydrated samples, similar trends were observed as those in ambient conditions; i.e., the elastic modulus was higher in the high PWV group. However, the trends were more pronounced in these conditions. In the high PWV group, the medial layer was approximately three times stiffer than that in the low PWV group (low PWV group = 250 6 ± 39 0 kPa ; high PWV group = 721 7 ± 291 9 kPa, Mann-Whitney U test, p = 0 005) (Figure 4(a) ). The measured elastic modulus of the patients ranged from 180.1 to 292.7 kPa and 286.6 to 1114.7 kPa in the low and high PWV groups, respectively. A significant difference was found between modulus distributions in the two groups (Kolmogorov-Smirnov test, p < 0 0001) (Figure 4(b) ).
The mean elastic modulus was found to be 188% larger in the high PWV group as compared to the low PWV group. In comparison, an increase of 52% was observed when the tissues were dehydrated. The absolute values differed vastly in the two conditions with the elastic modulus being around three times higher when the tissue was tested dehydrated (Table 1) . These data highlight the importance of water content in governing the mechanical properties of soft biological tissues.
The distribution of data was further assessed by examining the skewness and kurtosis as shown in Table 1 . The low PWV group had a negative skewness in both hydration conditions whereas the high PWV group had a positive skewness. The kurtosis parameter was negative and approximately equivalent for the dehydrated media in both the low and high PWV groups. However, for the hydrated media, the kurtosis parameter was positive in the low PWV group and closer to zero in the high PWV group. Thus, in hydrated conditions, the tails in the elastic modulus distributions are more pronounced. Figure 5 shows example AFM images for the medial layer in both dehydrated and hydrated conditions. The IMA is a transition artery, and in many patients, it is not classified as an elastic artery and hence does not have any elastic lamellae present [1] . Hence, the AFM images show an amorphoustype structure with little evidence of any fibrillar structure. This is more pronounced in the dehydrated images where the topographical variation is less pronounced (Figures 5(d) and 5(e)).
Although there are no other studies in the literature which have reported the elastic modulus of the human IMA medial layer, we can compare our values with other relevant published studies. Sicard et al. [18] reported values for human pulmonary arteries measured with AFM using a sharp pyramidal tip as being 67.66 ± 122.26 kPa with a range of 4.24-804.00 kPa. Akhtar et al. [4] used a frequency-modulated AFM method for characterizing the medial layer of young and old sheep aorta and reported a geometric mean of 42.9 ± 2.26 kPa for young sheep and 113.9 ± 2.57 kPa for old sheep. Grant and Twigg [19] used AFM with a 10 μm tip to characterize the adventitial layer of porcine pulmonary arteries and porcine aorta. For the pulmonary arteries, they reported a range of 2.3-1130 kPa with a mean of 88.9 kPa, and for the porcine aorta a range of 0.7-391 kPa with a mean of 15.8 kPa. Our mean values are higher than each of these studies but within an acceptable range. Further work is needed to determine whether the difference is due to the test methods or the type of artery. Grant and Twigg [19] highlighted that there was considerable heterogeneity within arteries which also explains the large range of values.
Comparison of the Dehydrated Medial Layer vs.
Dehydrated Adventitial Layer. We have previously published data demonstrating the utility of the IMA adventitial layer as a potential target for arterial stiffening studies [1] . Here, we now compare the mechanical data of dehydrated media with the adventitial data for the same patients [1] , as well as the trends when the data are averaged for both layers (media and adventitia). These data are shown in Table 2 . Overall, the elastic modulus in each condition was significantly increased in the high PWV relative to the low PWV group (low PWV: n = 8 patients; high PWV: n = 9 patients). Although there was no statistical difference in the measured elastic modulus between the dehydrated media and adventitia in each group (MannWhitney U test, p > 0 05), the dehydrated media was slightly stiffer than the dehydrated adventitia in the high PWV group. In the high PWV group, the ultrastructural stiffness increased by 49.5% and 34.1% for the dehydrated 
Correlation Analysis.
To assess the relationships between nanomechanical properties (PWV) and SLRP expression activity, Spearman's rank-order correlation was used to calculate the correlation coefficient for the relationships to test their significance (Table 3) . Overall, as shown in Table 3 , the nanomechanical properties of hydrated and dehydrated media were significantly and positively correlated with the patient's PWV value, which was similar to the dehydrated adventitia [1] . The elastic modulus of the combined dehydrated media and adventitia was also positively related to the PWV data. These findings suggest that all four methods can be utilized to reflect clinical arterial stiffness, i.e., dehydrated adventitia, dehydrated media, or hydrated media.
For correlations between SLRP expression and nanomechanical properties of different layers in all the available patients (n = 12 patients for both conditions) ( Table 3) , 4 of 7 SLRPs showed a significant and negative correlation with measured elastic modulus of hydrated media. This corresponds to our previous study [9] where 5 of 7 SLRPs (lumican, mimecan, prolargin, aspirin, and decorin) were downregulated in patients with high PWV.
SLRPs as a family of complex and diverse macromolecules in arterial wall play an essential role in atherosclerosis [20] and arterial ECM remodeling [21] . The quantitative proteomics data collected from our previous study [9] from the entire IMA tissue have now been compared with nanomechanical measurements for the media (dehydrated and hydrated) and the adventitia (dehydrated), as well as for the media and adventitia combined (dehydrated). The correlation analysis indicates that the nanomechanical properties of the hydrated media are more related to the expression activity of SLRPs than the dehydrated media. This further highlights the importance of testing the tissue in conditions that mimic the physiological environment as much as possible. SLRPs are essential in the structural integrity and functionality of the arterial wall by modulating synthesis, assembly, and remodeling of arterial ECM components such as collagen, elastin, and SMCs. The role of SLRPs in arterial stiffening, as well as on regulating collagen fibril assembly and architecture, has been discussed in detail elsewhere [9] , and their relationship to adventitial collagen fibril morphology and nanomechanics has recently been established [1] . Alongside controlling collagen fibrillogenesis and collagen organization, studies have revealed the importance of SLRPs in regulating proliferation and migration of SMCs, which are predominant in the media of muscular arteries. Accumulated lumican, which is expressed in the SMCs, is located in the fibrous thickened intima and media where it associates with intimal thickening and is capable of maintaining adventitial mechanical properties in patients with atherosclerosis [22] . Highly expressed mimecan found in human SMCs is shown to accelerate cell proliferation, migration, and death, thereby regulating atherosclerosis [23] and atherosclerotic plaques [24] . Biglycan promotes SMC proliferation and migration in arteriosclerotic lesions related to arterial repair and pathogenesis of vascular injury [25] . Upregulated decorin is discovered in calcified regions in human atherosclerotic lesions, where it accelerates SMC calcification [26] . These important roles of SLRPs in the medial layer help shed light on why the SLRP expression is highly correlated with the medial layer nanomechanical properties.
Principle Component Analysis (PCA).
The variables measured in this study were summarized and integrated with the SLRP data by PCA. The score plot for this transformation is shown in Figure 6 (a) which clearly shows a difference between high and low PWV patients. The variables contributing the most to this separation are shown in the loading plot ( Figure 6(b) ) where, not surprisingly, it can be seen that PWV is one of the major contributors to the separation of the patients. Interestingly and in agreement with assessed data in this study, it is closely correlated with the elastic modulus of dehydrated layers. Furthermore, PCA on the data without the PWV variable shows similar separation between both high and low PWV patients and exhibits elastic modulus of the hydrated and dehydrated layers as three of the key variables to the separation (Figures 6(c) and 6(d) ). The elastic modulus of hydrated media was closely related to age. In addition, the nanomechanical properties of dehydrated media and adventitia were closely correlated. Most SLRPs were closely grouped in the PCA analysis with some differences in mimecan and biglycan, which was similar to the PCA data of the adventitia.
Conclusions
This study probed the nanoscale stiffening-related ultrastructural changes in the tunica media of human IMAs in ambient and fluid conditions in patients with a high PWV. We show that PeakForce QNM can be used for mechanical property characterization of hydrated biological tissues. The study clearly demonstrates that AFM methods can be used as a tool for assessing arterial stiffness, with good agreement with expected trends based on in vivo measurements. The mechanical properties of the medial ultrastructure in both hydrated and dehydrated conditions correlated well with the carotid-femoral PWV. The AFM-derived nanomechanical properties were also correlated with SLRP expression, which is related to arterial stiffness. Based on the correlation tests, we suggest that the medial and adventitial layers are both suitable for AFM analysis to characterize nanoscale arterial stiffening. Overall, this study demonstrates the utility of AFM methods for arterial stiffening studies.
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